circulation in patients with age-related maculopathy
Introduction
Age-related maculopathy (ARM) is a major cause of blindness in developed countries. Morphologic alterations in the retinal pigment epithelium (RPE)-Bruch's membrane complex and the choroid have been described. [1] [2] [3] [4] Although the etiology of ARM is not clearly understood, vascular irregularities are present in ARM and a blood circulatory dysfunction has been proposed in the pathogenesis of this disease. [5] [6] [7] [8] [9] Because a number of reports [10] [11] [12] [13] have provided qualitative data suggesting abnormalities of the choroidal circulation in ARM, quantitative assessment of the choroidal circulation has been thought to be important for investigating the etiologic role of ocular perfusion in the development of ARM.
Two studies using color Doppler imaging (CDI) demonstrated an increased pulsatility index (PI) in the central retinal artery, posterior ciliary artery and ophthalmic artery in a group of exudative and non-exudative ARM patients, 6 and decreased end-diastolic velocity (EDV) in the posterior ciliary artery in non-exudative ARM patients. 7 A pulsatile ocular blood flow study measured patients with non-exudative ARM and exudative ARM in separate groups and found decreased choroidal flow only in exudative ARM. 14 However, a study using CDI, that investigates the circulation not only in the posterior ciliary artery that supplies the choroid, but also in the central retinal and ophthalmic artery of patients with early and late ARM divided in separate groups has not been done as yet.
On the other hand, unilateral exudative ARM reportedly has an incidence of progression to exudative ARM in the fellow eye of 3-28% in 1 year 13 and 42% 15 in 5 years. In a fluorescein angiographic study, choroidal perfusion defects were detected in 42% of fellow eyes in unilateral exudative ARM patients and electroretinographic (ERG) abnormalities were also present in those eyes. 11 Indocyanine-green studies reported prolonged choroidal perfusion in 11% 13 and hyperfluorescent areas in 33% of fellow eyes in unilateral exudative ARM. 12 However, the circulation in the fellow eye in unilateral ARM has not been investigated with quantitative methods.
This study was designed to investigate retrobulbar circulation in the early and late stages of ARM and in normal fellow eyes of patients with unilateral exudative ARM.
Subjects and methods
The study was performed in accordance with the standards of the ethics committee of the University of Tokyo School of Medicine. All subjects were informed about the nature of the study and gave their consent to be included. The research followed the tenets of the Declaration of Helsinki.
Forty-four patients with ARM and 32 age-matched control subjects were enrolled in the study. The subjects were randomly chosen from among patients who came for regular check-ups in the macular outpatient clinic at the Department of Ophthalmology, Tokyo University Hospital. Thirteen hypertensive patients with ARM and six control subjects had systemic hypertension. However, their hypertension was controlled and there were no significant differences in blood pressure among the groups. Patients with other diseases of the eye possibly affecting the retrobulbar circulation, such as diabetic retinopathy and glaucoma, and those with a history of laser treatment or intraocular surgery were excluded. We selected age-matched control subjects from among patients who had cataracts but no other ocular diseases or patients with one healthy eye and only minor ocular diseases, such as conjuctivitis and keratitis, in the other eye. In the latter case, the healthy eye was examined for this study. The patients underwent assessment of best-corrected visual acuity after standardized refraction. Intraocular pressure (IOP) was measured by Goldman tonometry. Brachial artery systolic (BPs) and diastolic (BPd) blood pressures were determined by an automatic blood pressure apparatus. The mean brachial artery pressure (BPm) was calculated as follows BPm ϭ BPd ϩ 1/3(BPsϪBPd)
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(1) Study of retrobulbar circulation in stages of ARM
The patient group was subdivided as follows: 11 patients with early ARM (drusen Ն 63 m and/or atrophy of the RPE Ͻ 175 m and/or proliferation of the RPE), and 33 patients with late ARM. Patients with late ARM consisted of seven patients with pigment epithelium detachment, 18 patients with choroidal neovascularization and eight patients with disciform scar. The patients having choroidal neovascularization consisted of four patients with predominantly classic and 14 patients with predominantly occult form of choroidal neovascularization. Patients with geographical atrophy were excluded from the study. The group of ARM patients included 8 women and 36 men, while the control group included 17 women and 15 men. Classification of the different stages of ARM was based on ophthalmoscopic examinations, including stereoscopic biomicroscopy and fluorescein and/or indocyanine green angiography, according to the international classification and grading system of the international ARM epidemiological study group. 16 The eye that had a worse visual acuity was chosen for the analysis of patients with various stages of ARM. The early ARM group included patients who had either one eye with early ARM and a healthy fellow eye, or in whom both eyes had early ARM.
(2) Study of retrobulbar circulation in patients with unilateral exudative ARM In the group of patients with late ARM, 21 who had unilateral exudative ARM and a fellow eye without ARM were included in the study of unilateral exudative ARM circulation. Control subjects (n ϭ 32) were the same as above.
Measurements of ocular blood flow
All the measurements were performed with a CDI set: Powervision SSA-380 A (Toshiba, Tokyo, Japan) using a 7 MHz transducer. One observer, masked to the subject's status, did all the measurements (GD).
The patients were examined while in a sitting position, as described elsewhere. 17 Patients fixed their gazes about 15 cm in front of their faces and the transducer coupled with sterile ophthalmic gel was applied to the upper lids. We measured the following retrobulbar blood vessels: central retinal artery, posterior ciliary artery and ophthalmic artery. The central retinal artery appeared 10-15 mm away from the optic disc and was visible inside the optic nerve, until its entrance into the globe. Because the blood flow velocity in the central retinal artery over the lamina cribrosa is usually higher than normal, the receiver's gate was placed about 5 mm away from this structure.
The posterior ciliary artery was found parallel to the optic nerve at about the same distance from the fundus as the central retinal artery and vein. The ophthalmic artery was usually found nasal to the optic nerve.
The hemodynamic parameters measured in the aforementioned blood vessels were peak systolic blood velocity (PSV) and EDV. The PI and resistivity index (RI) were calculated as follows:
where MV is mean velocity.
The CDI method allows for accurate PI and RI measurement because its values do not depend on the Doppler angle. We attempted to maintain the Doppler angle as parallel as possible to the measured blood vessel in order to obtain more accurate blood velocity data.
Statistical analysis
ANOVA and the unpaired t-test were used for the analysis of differences in patients' systemic characteristics. The paired t-test was used for the analysis of circulatory differences between the normal fellow and the exudative eye in unilateral ARM. The non-parametric Kruskal-Wallis test was used for the analysis of circulatory parameters in patients with different stages of ARM and for comparison of circulatory characteristics between both eyes of patients with unilateral exudative ARM and those of the control group. Dunn correction was applied to test the significance of differences between the groups in both analyses. P values less than 0.0167 were taken as statistically significant.
Results
(1) Study of retrobulbar circulation in the early and late stage of ARM (Table 1) There were no significant differences in systemic characteristics (age, BPm, pulse) and IOP among ARM patient groups and controls. (Table 2 ). In five control subjects and 14 patients with ARM, we could not obtain the velocity wave of the ophthalmic artery and in one control subject we could not obtain the velocity wave of the posterior ciliary artery.
In the posterior ciliary artery, the PI and RI were significantly higher in the late ARM group than in controls (P ϭ 0.0064; P ϭ 0.0124). In the central retinal artery and in the ophthalmic artery, no parameter differed significantly among the groups.
(2) Study of retrobulbar circulation in patients with unilateral exudative ARM (Table 3) Systemic characteristics did not differ significantly between unilateral exudative ARM patients and control subjects. Central retinal artery and posterior ciliary artery velocities were measurable in both eyes in all subjects, while the ophthalmic artery velocity wave could not be obtained in three fellow eyes.
In the posterior ciliary artery, the EDV was significantly lower in the posterior ciliary artery of the fellow eye (P ϭ 0.0164) and was also lower in the exudative eye (P ϭ 0.0668) compared to that of the control group. The RI in the posterior ciliary artery was significantly higher (P ϭ 0.0157) in the exudative eyes and was also higher (P ϭ 0.0537) in the fellow eyes of unilateral exudative ARM than in the control. The PI in the posterior ciliary artery in eyes with exudative ARM tended to be higher in both the exudative eye (P ϭ 0.0191) and the fellow eye (P ϭ 0.0327) than in the control group.
In the central retinal and ophthalmic arteries, the circulatory parameters of patients with unilateral exudative ARM did not differ significantly from those of the control group.
There were no significant differences in any parameter between the exudative and normal fellow eyes.
Discussion
(1) Study of retrobulbar circulation in stages of ARM
Choroidal circulatory dysfunction has been found in patients with ARM that may be related to the pathology of this disease. [5] [6] [7] [8] [9] 14 In the first part of this study we demonstrated that patients with late ARM have significantly higher PI and RI in the posterior ciliary artery that perfuses the choroid than control subjects. A previous study using CDI investigated patients with ARM that consisted of early and late ARM included in one group. 6 They also reported significantly increased PI in the posterior ciliary artery and in the central retinal artery. Ciulla et al 7 also using CDI demonstrated significantly decreased EDV in the central retinal and posterior ciliary arteries in patients with non-exudative ARM, including patients with early ARM (some of which were fellow eyes of unilateral Eye ARM), and patients with geographic atrophy. Because perfusion defects and other circulatory disturbances have been reported in previous studies in fellow eyes of unilateral ARM, [11] [12] [13] we included patients in the early ARM group in our study if their fellow eye was either normal or had early ARM. The differences in the inclusion criteria impose difficulties in making a valid comparison between the present and the above mentioned studies.
Hypertension is known to be prevalent among ARM patients and blood pressure and posture have been found to affect central retinal circulation. 18, 19 However, blood pressure and posture during measurement have not been reported in the above mentioned studies. Except for the inclusion criteria, we suspect these to be among the possible reasons why the results from the present and the mentioned studies differ with respect to the results of the central retinal artery circulation.
A study using laser Doppler flowmetry found no significant differences in choroidal blood velocity in the center of the fovea, but did demonstrate significantly decreased foveolar choroidal blood flow in patients with early ARM. 8 This study also included five early ARM eyes of patients who had unilateral exudative ARM. Similarly, differences in blood velocity between our early ARM patients and the control group were not statistically significant. However, the PI and RI in our early ARM patients did not differ from those of the control group either, suggesting absence of circulatory alteration in the posterior ciliary artery of patients with early ARM. There may be two reasons for the apparent discrepancy between our study and the above mentioned laser Doppler flowmetry study. First, the laser Doppler flowmetry measurements in the fovea correspond primarily to determinations of choriocapillary flow, 8 which can be influenced by local autonomic and autoregulatory effects 14, 20, 21 and may not correspond to the blood flow in the posterior ciliary artery. The other reason is that, as mentioned earlier, fellow eyes of unilateral exudative ARM were included. In our study, we demonstrated that choroidal circulation in fellow eyes of unilateral exudative ARM is affected and thus it may not be representative of the circulation in early ARM.
Mori et al 14 investigated choroidal blood flow by the pulsatile blood flow method in patients with nonexudative and exudative ARM. The authors found no significant changes in choroidal blood flow in patients with non-exudative ARM, while choroidal blood flow was decreased in patients with exudative ARM. These data are consistent with our data showing increased resistance to choroidal blood inflow in late ARM and no significant differences between patients with early ARM and control subjects. However, as to the nonexudative group in the study of Mori et al, 14 there was no information provided about the types of nonexudative ARM eyes included (early ARM, geographic atrophy or fellow eyes of unilateral exudative ARM).
To our knowledge, there have been no studies investigating retrobulbar circulation in patients divided in early and late ARM stages, and using CDI. We herein report that circulatory parameters do not differ significantly between early ARM eyes and controls, while eyes with late ARM have significantly higher PI and RI in the posterior ciliary artery than controls. These data suggest that retrobulbar circulation is not altered in early ARM. The increase of PI and RI in the posterior ciliary artery (which supplies blood to the choroid) of the exudative ARM group suggests altered choroidal circulation in this stage of ARM. However, from this study alone, we can not speculate as to whether the altered circulation is a factor or a consequence of the occurrence of exudative ARM.
Both increased 1 and decreased 22 choriocapillaris density and diameters have been documented in histopathologic studies of patients with ARM. Distended and tortuous choroidal veins 1, 5 have also been reported. The origin of the latter has been linked to the increased scleral rigidity in patients with ARM as described by Friedman et al. 23 The same authors further proposed that the increased scleral rigidity might increase resistivity to choroidal blood inflow and outflow. 7 Therefore, a decrease in EDV with a consequent increase of the PI and RI (see Equations 1 and 2) in the posterior ciliary artery could be expected with disturbed choroidal inflow.
(2) Study of retrobulbar circulation in patients with unilateral exudative ARM High incidences of progression to exudative form in fellow eyes of unilateral exudative ARM have been reported (3-28% in 1 year, 13 42% 15 and 33% 12 in 5 years). Choroidal perfusion defects in fellow eyes have been demonstrated using indocyanine-green angiography 12, 13 and fluorescein angiography. 11 ERGs of fellow eyes also had slower implicit times than in control age-matched subjects. 11 Furthermore, histological studies have found considerable symmetry of drusen characteristics between the two eyes of patients with unilateral exudative ARM. 24 In the present study, patients with unilateral exudative ARM showed significantly increased RI in the posterior ciliary artery, in the exudative eyes, as compared to control subjects. In normal fellow eyes, EDV was significantly decreased in the posterior ciliary artery, while both eyes tended to have an increased PI (P ϭ 0.019; P ϭ 0.033) in the same artery as compared to controls. Decreased EDV and increased RI and PI are considered to represent an increase of peripheral vascular resistance. 25 Furthermore, there was no significant difference in any of the circulatory parameters between normal fellow and exudative ARM eyes.
In study 1 we did not detect significant differences in the retrobulbar circulation of patients with early ARM compared to control subjects. This is consistent with the fact that the annual incidence of progression to late ARM in patients with early ARM is relatively low (1-4%) . 26 On the other hand, in study 2 we detected significantly altered retrobulbar circulation in the normal fellow eyes of patients with unilateral exudative ARM, which supports previous findings of prolonged choroidal perfusion and ERG defects, as well as the high indices of progression to exudative ARM in fellow eyes of unilateral exudative ARM. [11] [12] [13] This suggests that despite the apparent normal fundus, choroidal circulation in the fellow eye is already compromised. Therefore, normal fellow eyes in patients with unilateral exudative ARM could be treated as a subgroup with an increased risk of progression to exudative ARM.
Ciulla et al, 27 in their review of the role of ocular perfusion in the pathophysiology of ARM, stated that with the available studies the causative role of the circulatory factor in ARM could not be determined. Further prospective studies are needed to confirm our findings. However, the results of the present study suggest for the first time that altered choroidal circulation may be a pathogenic factor in the progression to exudative ARM.
Progression to exudative ARM in the fellow eye in unilateral exudative ARM has disastrous effects on a patient's quality of life. The results of this and other studies may suggest that strict control of hypertension and therapy to improve choroidal blood perfusion would prove beneficial in halting the advancement of ARM.
In conclusion, we have demonstrated an increased PI and RI in the posterior ciliary artery of patients with late ARM, which suggests decreased choroidal perfusion. The increased PI and RI in the posterior ciliary artery of both fellow and affected eyes and the lack of significant differences between the two eyes of patients with unilateral ARM suggest that the normal fellow eye has deficient choroidal blood perfusion. The results from both parts of this study suggest that deficient choroidal perfusion may be a factor in progression to exudative ARM.
